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1916; August 16-18. 1919; June 16-18, July 7-10, Sep- 
tember 3-4. 

A close study of local conditious on June 22-24, 1919, 
suggested that miirked local convection might temporn- 
rily divert the cirrus from a normnl path. Active con- 
vection during the forenoon of June 22, as shown by 
highly developed cumuli, WAS followed, during t,he nfter- 
noon, by a succession of thu~iderstorms that nppnrently 
formed northenst of the station and develn ed westward 
and southwestward. True cirrus moved Prom the esst 
at  7 a. m., 11 a. m., nnd 12 nooii, and cirro-stratus from 

the southeast at  3.45 p. m., 4.45 R. m., and 7 p. m. 
Thunderstorm conditions continue throu h the 23d. 

at  7 a. ni., 3.15 p. m., and 6 p. m. Active convection 
ceased by the nioriiiiig of the 24th nnd the clouds returmd 
to their normal drift. 

Similar conditions nppear to hare esist>ed 011 September 
4, 1909. June 33, 1910, June 33, 1911, July 17, 1912, July 
15, 1916, and July 28, 191G, but, the entire series of 
oliserrntioiis does not furnish sufficient data for a pro- 
ductiw investign tion of this feature. 

0 1 1  that clay the cirro strntus moved from t a e southeast 

THE WEST INDIA HURRICANE OF SEPTEMBER. 1919, IN THE LIGHT OF SOUNDING OBSERVATIONS. 

By R. HANRON WEIGHTMAN, Meteorologist. 

[Dated: Weather I3urea11, Washington, Dee. 3, 1919.1 

The hurricane of September, 1819, is the first well- 
developed storm of tropical origin in connection with 
which sounding observations of wind directions m d  
s eeds in tlie free air are a,vail&le for study purposes. 

1906 and 1907 while R.otch and de Bort wnre con- 
ducting sounding balloon and kite work in the south- 
eastern portion of the North Atlantic Occan sercrnl 
disturbances of minor importance occurred in the West 
Indics hut, unfortunn.trly. m:iny lizndred miles n.wa.;c 
from the point wherc observtttions were h ing  made. 
Again in the en.rly part of August, 1911, a disturbance of 
intense c.hnracter but of very limited extent developed 
in the Gulf of Mesico and passed inland west of New 
Orleans during the 6th. The nearest point to tlie storm 
a t  which sounding observations me available is Fort 
Sill, Okla., about 500 miles distant. On the mornings 
of tlie 5th and 6th a t  this stnt,ion the winds up to the 
grent.est elevation reached, the 2,000 meter level, were 
from theSW., I O  to 18m. p. s., and st noon of the 6th t.hey 
had backed to SSW. and decreased somewhat in velocity, 
seemingly unaffected in any wa,y by tlie disturlmnce. 
In the September, 1919, hurricane upper-sir OhSCrvfi- 

tions are available from three stations in Tesas, two in 
Okla.homa, one in Georgia, and from nine or ten ot.li~r 
stations outside of tlie Gulf Sptes. The most complete 
series of observntionsfrom apointrelativelgnear the hurri- 
cane center is from the Leesburg, Ga., station, tlie newest 
point reached by the storm center, however, being about 
500 miles. At the time tlie disturba.nce was a. proaching 

became overca.st for the most part, thereby preventing 
the making of observations n . t  p e a  ter altitudes thnn 
3.5 km. and in most cases under 2. 

Perhaps the most interestiiig h t u r e  brought out by 
these observations is the rather sudden change in wind 
direction as shown by sounding balloons at Leesbyrg. 
For several days previous to Sc tcmber 5, the winds 
above 3 km. were from n wester P y quarter while near 
the surface they were between north and enst. On the 
1st westerly winds were first encountered a t  the 3 km. 
level, on the 2d at the 3-km. level, on the 3d a t  3-km., 
on the morning of the 4th  they had descended to 2 
km. and by evening had risen to 3.5 km. On the 
morning of the 5th they were first observed at  the 
4-km. level and by the tdtcrnoon of that date were not 
in evidence up to !1 km., the greatest altitude reached. 
So far as observations are available, no trace of westerly 

southern Texas, the shy over that region un P ortunately 

* Etude de I’atmos h h  marine psr sondages sbrienr Atlnnti ue moyen et recion 
intertropicale. Par 8m.  L. Teisserenc de Bort et Lswrkce Rot%. Trwaur Scien- 
tiUques de I’observatoire de MBtBorologie Dgnamique de l‘rsppes. Tome 1V. 

winds is found until the morning of the 13th, when they 
were encount.cred at nil elevration of 6 km., and by the 
nftcrnoon of t,lii?t date t h y  hnd descended to 4.5 km. 
This sMt of the upper winds to W. and N. seems to 
have Ilnen of a temporary character, for on the 15th they 
were generally between ENE. and ESE. up to 11 km., 
and it wns not until the 16th that t,hey changed to steady 
n-cs terly. 

9 current from the east WRS then fully established at 
Leesburg a t  all altit3utles up to roba.l>ly 10 km., a t  least, 

ratnher unusual occurrelice, if we mup judge. from a casual 
inspectioil of the observations made during the two or 
t hee  preccding months. In the lower strat.a, a t  least, 
this tlist,ribution of winds is consistent with .the surface 
hnromet,ric rlist.ributioii, for during the time of the preva- 
le.nce of the easterly winds pressure was relatively high 
orer tlie sout41iern Appalachian region and the interior of 
the east Gulf States and relatively low to tlie southward. 
The persist,ence of t.he easterly minds in the upper layers, 
however, appears to be quite unusual. This easterly cur- 
rent. is also in eritlence up to the 5 kni. level a t  the south 
Tesns stations. i. e., Groesbeck, Ellington Field near 
Houston, niid Kelly Field near San Antonio, from the 1st 
of the m0nt.h until t,he time the hurricane crossed the 
Gulf const about 50 miles south of Corpus Christi on the 
14th. The highest levels shown by t-he observations do 
not, esceed 5 km. except! in two cases; one on the mornin 
of the 5th at  Kelly Field, showed winds between N. an 
NTT. between 5 and 10 kilometers. This easterly current 
seems t.o hnwt a rather well-marked limit, for the stations 
at! Broken Arrow and Fort, Sill, both in Oklahoma and less 
bhnn 500 niiles to the northward, showed a number of ob- 
servationsbetween the 5th and 10th of tlie month, in which 
the winds were from a westerly quadrant. Likewise, with 
the easterly winds observed a t  Leesbur , the northern 
boundary must have heen quite well 5 efined for thc 
soundin observations a t  Washington about 750 miles 

The southern limit of the easterly current is rather diffi- 
cult to determine! but nn examination of the cloud ohser- 
vations a t  Swm Island, Belize, and Bluefields shows that 
easterly winds prevailed in the cumulus level (about 
2,000 meters) u p  to the Sth. During the 4th a minor 
disturbance passed over Santo Domingo, adranced 
northwestward to the west of Turks Island by the morn- 
ing of the 5th, nnd from that point recurved to the 
northeast,ward. On t.he evening of the 6th after the 
pmsaw of this dist.nrbance the winds over Jama.ica in the 
cuniufus level were southerly, over Haiti sou t.lie.ssterly, 

from t,he evening of the 5th to t P le morning of the 12t11, a 

! 

distant s 5 low pc t ica l ly  all winds from a westerly quarter. 
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and over Port0 Rim easterly (see fig. l), and the wind 
at.’l!urka Island had backed to the southeast, indicating 
the pregence of a second disturbance to the southwest or 
westeouthwest of that point. Fi 1 shows a circulation 
of considerable extent with S. to BE. winds on the south 
side and NE. winds on the northwest side, which is the 
earliest recognizable stage of the hurricane. Figs. 2 , 3 ,  

It would seem that the wind conditions depicted on 
fi . 1 are a good illustration of the principle stated in the 

An inspection of the means of the velocities at Leesburg 
at the 2,500-, 3,000-, and 3,500-meter levels during the 
hurricane are shown in fig. 5. These levels were 
chosen for the reason that it was believed a mean of 

a % oveextract. 

FIG. 1.-Instantsneous stream linea (Z,aoO-m.level), p. m., Sept. 6,1919. 

and 4 show subsequent stages of the storm. The arrow8 
indicate wind directions iu the cumulus level (2,000 m.) 
as obtained from clouds and sounding observations. In- 
stantaneous stream linesa have been drawn in order to 
b h g  out to the best advantage the esistence of the coun- 
tercurrents to the northwest and southeast of the area 

FIG. l.-Instdmteneous stresmllnes (Zpa0.m. level), p. m., Sept. 7,1919. 

where the storm develo2ed. The small circles show the 
center of the hurricane. 
On age 6 of MONTHLY WEATHER REVIEW, Su le- 

ment J!i 0. 4, Anticyclones of the United States and f l e i r  
Average Movements, it is stated: 

Likewise in the late summer and earl fall months of the Northern 
H d  here humicanes occur in the dodwms, a re ion flanked on the 
north I! the northeast trades and on the south by t i e  southeast trades. 
which gtter on crossing the Equator and pasang to an appreciable 
north latitude are deflected to the right and become southwest winds. 

*lha Life Hiakuy of Surface Air Currents. By W. N. Shaw and R. G. K. Lamp 
1-Y. 0.174. . 

them would be reasonably re resentative of the general 

at which a suEcient number of twice daily o servationa 
were available. It will be observed that winds were of 
small velocity, i. e., below 5 ni. p. s. previous to the 6th and . 
that from the evening of the 6th to the morning of the 
10th they were greatest, averaging about 9 m. p. s., aftm 

% air movenient and secondly t % ey were the hi hest levels 

FIG. 4.-Imtantaneous stream hes (2,ooO-m. level), p. m., Elept. 9,1919. 

which time they decreased to less than 6 m. p. s. At 
its inception the center of the hurricane waa about 1,ooO. 
miles from the station and on the 10th it was about W 
miles distant. It is rather difEcult to explain the fe+ 
that during the time the storm was nearest the stat* 
and while it was at its maximum development these wid 
velocities decreased to about half of what they wee 
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when the storm was ap roaching ib neakest point and 

in mind the countercurrent theory of storm develo ment, 

show directions and velocities south of the center- 
preceded the increase in intensity of the storm and that 
a short time after these currents decreased to normd 
velocities the storni did not further increase in intensity. 
The storm waa ablo to maintain its destructive violence 
for about 5 days after the easterly winds at  Leesburg 
had decreased to normal velocities, after which time it 

before it had attained P ull intensity. However, having 

h velocities o P these 
easterly and northeasterly winds- 9 'ttle is available to 
it is interesting to note that the 

FIQ. S.-Dlstanca ofhurricanacantmfrom Lessbur Os. (solid IInes) and mean of wind 
speeds at 2$00,3pOO, and 3,5W meter lavela afkesburg, Ga. (broken lines). 

decreased in intensity. It is believed that, whatever be 
the cause of the high velocities noted, they were instru- 
mental in causing the storm. The cause of the high 
easterly winds the writer is at  a loss to explain. It has 
been suggested that the overflow of air from the storm 
may have had the effect of decreasing the barometric 
gradients aloft, thereby causing thewinds to decrease as the 
storm approached the station. Observations of the vertical 
barometric gradients as obtained from the kite observa- 
tions at  Leesburg are somewhat meager. Observations 

FIQ. 8.-Djr&ion of doh m~veunent with refarcme to dlrectim of hurricane center. 

are, however, available for the 3rd, 5th, 6th 7th, 13th, 
and 14th but the gradients on those dates f a i  to explain 
the cause of marked increase in the wind velocities 
from the 6th to 10th and the decrease thereafter, the 
gradients between the surface and 1,000 meters, 1,000 to 
2,000 and 2,000 to 3,000 being practically the same pre- 
ceding, d m g ,  and subsequent to the increase in the 
winds. 

storm center.' The following extract from Mr. Bo d e  
paper gives the underlying principle of atmoep E euic 
cnculahon in and around hurricanes a8 enunciated by 
Father Vines. 
As a rule the lower currents conver forming with the b e  d 

the storm center a variable angle whi%a almont dwap greeter than 

FIQ. l.-hstantaneous stream b a a  (2,MI&m.le.val), p. m., Bapt. 11.1919. 

a right angle. * * * The lower clouds in the interior of a hurri- 
can0 fly ordinarily in directions e endicular to the bearinga of the 
center. * * * The cumolos &iz) (alto-cumulurr?), cirro-stratus. 
cirro-cumulus and the cirrus clouds that precede the hurricane gen- 
erally diverge, that is to say their direction forms with the bearings of 

the center an an le lees than 8 points (W0) with the very noticeable 
peculiarity that 5 different str+ are obeerved it will be eeen that 
divergence increseea with elevation. 

Fig. 6 which appears in both papers referred to  show 
the relative directions a t  the different levels. To test the It has been stated in connection with tropicd storms 

that the direction of the winds at  different eievations as evi- 
denced by the movement of ciouds, forms different angles 
with the line connecting the point of observation and the 
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a plication of these principles to a storm in the Gulf of 
Jexico around which numerous observations are available, 
charts were pre ared for several .dates using the cloud 
observations an i sounding observations, it being consid- 

ered that certain kinds of cloud were representative of 
certain elevations and four levels were adopted as follows: 

......... 2,123 

6,500 6,096 B . m i  
8,500.. 

BIQ. IO.-Instantaneous stream llnas (8,500.m. level), p. m., Wt. 11,1919. 

The afternoon sounding observations were used to- 
gether with the clouds recorded at 8 p. m., 76th meridian 
time, and when clouds were not available a t  that obser- 
vation those observed a t  noon were emplo ed, the 8 p. m. 
and noon observations being separateif b a nearly 
equal time interval from the sounding o t servationa. 

The maps of September 11 are reproduced in figs. 7,8, 
9 and 10. From an inspection of t8hese charts on which 
insbantaneous stsreani lines have been drawn and on which 
the center of the hurricane is indicated by a small circle, 
it is apparent that, the 
Vines are not entirely 
well they may be 
dies-nor do the 
of view. In this 
Leesburg on the morning of tshe 9th were NE. a t  every 
level from the surface up to 5 km. and NNE. a t  6 km., 
t.he greatest reached, and on the afternoon of the 9th 
winds were NE. or ENE. up to 7 km., t.he hi hesblevel 

on t,he afternoon of t.he 11 th when the winds were NNE. 
reached. This condition was also observed at  F Lelly Field 

other argument for setting aside the long cherished 

FIG. ll.-Direction of mowment of hurricane solid lines) and mean of wlnd dlrectiom 
at 2,500,3,000, and 3,W meters at !&sburg, Os. (brokenbea). 

theory that in cyclones there is an outflow in the upper 
strata which is in effect anticyclonic. 

Fig. 11 shows the wind direction at  Leesburg, a mean 
being taken of the 3.5, 3.0, and 3.5 km.-levels, and the 
direction of iiiovenient of the storm center each 13 hours. 
It will be seen that they correspond in quite a marked 
degree, which would seem to indicate not necessarily that 
the storm was carried along in the drift of the easterly 
winds but rather that the storm passed westward along 
the southern boundary of the great easterly current. 

The following estract from a pa er by H. H. Hilde- 
brandsson’ refers to statements by 8 lement Ley concern- 

the movement of c;vclones in the Northern Hemi- 
in% sp ere is pertinent in ths connecticm: 

However, if the steepest gradients are found to northwest, north or 
northeast of the center, it  (the cyclone) most frequently remains 
motionless or moves (evidentlyslowly) in MY direction, although a 
movement toward the west, which should then be found,is in reality 
relatively rare. 

The movement of the September, 1919, storm was 
unusual in direction and in rate of movement, and, 
further, ressure was relatively high to the north of the 
center. %‘he movement was unusual in that storms, 
ori hating north of the Islands generally move nortl; 

normally slow, in fact on1 about 300 miles a day, 
whereas the avera e for geptember storms a 

usual rate. 

an 8 northeastward, and the rate of movement was ab- 

mated 250 miles a d ay, that is only about four- d%F- t the 

‘ MONTHLY WEATTHEB REVIEW, June, 1919,47: 376. 
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10 minutas. ............... .35 i 
15 minutes.. ............... i 0  I 
80 minutes ................. 1 . 3  I 
25 niinutes ................. 1. ti3 
30 minutes ................. 1.9s 

40 ininutw ................. 2.33 
45 mindteir ................. 2.44 
50 niinutes ................. 2.54 
r j  minutes. ................ 2. GG 
SO minutes ................. 2.97 

The total loss from this storm is eaimated at about 
$60,000, at least two-thirds of which amount was to 
city streets. Fortunately, in this storm no lives were 
lost, as on July 9.-J. H. Spencer. 

SOME BROADER ASPECTS OF RAIN INTENSITIES IN 
RELATION TO STORM-SEWER DESIGN. 

By ROBERT E. HORTON. 
[ .t hstrocted from lunlclpaland Coonty Engineering, June-July, 1919,I’. 12 pp., I6 flga.1 

Owing to the large number of rainfall intensity formub 
which are used in various localities in storm-sewer design, 
the author was led to make a study of them, with special 
relation to the underlying physical and meteorological 
causes of escessive rainfall. After defining the terms 
“rainfall rate” and “rainfall intensity” and pointing out 
the distinction of the two terms, namely, that “rate” 
iniplies quantity per unit of time, whereas “intensity” 
implies a quantity in a given time intpval, the author 
esplains the notation employed in formulse and 

The mechanism of the thunderstorm is then discussed, to- 
gether with the character of the rainfall rates of dXerent 
types of stornis, tropical rainfall, and. the fre uency 
curves of excessive rains in New Pork. The fo s owing 
are some of the conclusions: 

1. Excessive rain intensities for short-time intervals 
mostly occur in thunderstorms, or in storms of the 
thundemtorni type. 

2. Rainstorms producing maximum intensities are 
mostly the result of violent convection. 

3. The occurrence of thunder affords quite positive 
proof of the existence of suspension stora e, and the 
sudden recipitation of such storage is proba % ly a usual 

or 20 minutes. 
4. High rain intensities for longer intervals are probably 

due to storm gusts or pulses. 
5. High rain intensities for long periods are result of 

general cyclonic conditions. 
The writer has not attempted in this article to give 

definite formula of general applicability for the expres- 
sion of the relation between ram intensity, duration, and 
fre uency. It is hoped that the results ven will su est 

may afford a more complete basis for generalization. 

the several types into which these formulae have 

cause o P high rain intensities for short intervals of 5,  10, 

an 8 encourage further study along simi T ar lines, s u g  as 

The requirenienta for a rain intensity formula based on investigations 
thue far made may be stated BB follows: 

( 1) I t  diould indicate B finite intensity for zero duration and for the 
inininium exceedance frequency. 

(2) For a given duration the rain intensity should approach a finite 
iuaximum or limiting yalue as the exceedance interval increases. 

(3) The maximum or liuiiting value should decrease as the duration 
interval of the rain increases. 
(4) A single general type of formula should be applicable ovel 

estenPive geogra hic areas and& regions varying in amount of ~ e a ~ o n a r  
precipitation an$ thunderstorm frequency. 

(5)  The formula may contain constants whose valuesin turn can be 
expremed either in terms of unit rain intensity, thunderstorm frs  
quency. ur total recipitation during the thunderstorm seaeon. 
(6) The form 01 expression should he such as to give the required 

intensity in terms of duration and exceedance interval! so that when 
the constants are known for a given location intensities of varying 
duration. but of the same frequency, can be determined directly on 
the m e  hand, or intensities of the same duration but of varying ex- 
reedance intervals, can be obtained directly on the other hand.” 

The paper affords an admirable example of one of the 
points where the engineering rofession and the science 
of meteorology meet; indee$ where meteorology is 
indispensable.-6’. L. M. 


